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Connectivity plays an important role in shaping the genetic structure and in evolution of local adapta-
tion. In the marine environment barriers to gene ﬂow are in most cases caused by gradients in envi-
ronmental factors, ocean circulation and/or larval behavior. Despite the long pelagic larval stages, with
high potential for dispersal many marine organisms have been shown to have a ﬁne scale genetic
structuring. In this study, by using a combination of high-resolution genetic markers, species hybridi-
zation data and biophysical modeling we can present a comprehensive picture of the evolutionary
landscape for a keystone species in the Baltic Sea, the blue mussel. We identiﬁed distinct genetic dif-
ferentiation between the West Coast, Baltic Proper and Bothnian Sea regions, with lower gene diversity
in the Bothnian Sea. Oceanographic connectivity together with salinity and to some extent species
identity provides explanations for the genetic differentiation between the West Coast and the Baltic Sea
(Baltic Proper and Bothnian Sea). The genetic differentiation between the Baltic Proper and Bothnian Sea
cannot be directly explained by oceanographic connectivity, species identity or salinity, while the lower
connectivity to the Bothnian Sea may explain the lower gene diversity.
© 2016 Published by Elsevier Ltd.1. Introduction
Connectivity plays an important role in shaping the genetic
structure and in evolution of local adaptation (Palumbi, 1994). In
marine environments barriers to gene ﬂow are in most cases
caused by gradients in environmental factors (temperature, salinity
regimes etc.), ocean circulation and/or larval behavior (Kelly and
Palumbi, 2010). Most marine organisms produce free-swimming
larvae that spend hours to weeks in the water column (Paris
et al., 2007) and this pelagic development and passive dispersal
has traditionally been assumed to result in high connectivity and
low genetic differentiation over long distances (Bohonak, 1999).
Several studies have however revealed genetic structuring also on
small geographical scales, even in marine organisms with a longLarsson), emma.lind@slu.se
ats.grahn@sh.se (M. Grahn),
(M. L€onn).
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0.1016/j.ecss.2016.06.016pelagic larval stage (Barber et al., 2002; Gilg and Hilbish, 2003;
Knutsen et al., 2003; Johannesson and Andre, 2006; Kelly and
Palumbi, 2010). Identiﬁcation of spatial population structure and
connectivity patterns is achieved through a range of methods
including trace elements, stable isotopes and the use of genetic
markers (Crooks and Sanjayan, 2006). Neutral genetic markers can
provide insights of reduced gene ﬂow and breaks in population
connectivity. Methods based on genome wide genetic markers, for
example ampliﬁed fragment length polymorphism (AFLP) (Vos
et al., 1995), cover a larger scope of both selective and neutral
markers that can provide a more comprehensive description of
gene ﬂow and population structures (Stinchcombe and Hoekstra,
2008; Nosil et al., 2009). Supplemented with biophysical models
genome wide markers may provide a better understanding on how
demographic factors, connectivity barriers and selection shape the
marine evolutionary landscape (Cowen and Sponaugle, 2009;
Jacobi et al., 2012).
The Baltic Sea ecosystem is an example of an evolutionarily
young marine ecosystem (Johannesson and Andre, 2006) con-
nected to the North Sea only by narrow and shallow sills in €Oresundntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
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area spans from 17 to 25 along the Swedish West Coast, from 5.5 to
7.3 in the Baltic proper, approximately 5 in the Bothnian Sea and 2
to 4 in the Bothnian Bay (Elmgren, 2001). The adaptation of species
to the brackish conditions in the Baltic Sea has caused both
morphological and genetic differences compared to their salt/fresh
water ancestors. Many species in the Baltic Sea constitute unique
evolutionary lineages with a lower genetic diversity compared to
the North Sea, and a strong genetic differentiation between pop-
ulations in North Sea and the Baltic Sea (Johannesson and Andre,
2006; Johannesson et al., 2011).
A keystone species in the Baltic Sea ecosystem is the bluemussel
(Mytilus edulis trossulus complex). The blue mussel has several
ecologically important features including ﬁltering water and
providing a link between the benthos and the pelagic by cycling
nutrients and organic matter (Kautsky and Evans, 1987). It also
creates complex structures acting as substrate for many organisms
and it is an important food source for many ﬁsh and bird species
(Koivisto, 2011), hence sustainability of the blue mussel pop-
ulations is a key issue for the Baltic Sea ecosystem. The blue mussel
has a long planktonic larval phase, 3e4 weeks (Seed, 1969) in
general and as long as 5e6 weeks in the Baltic Sea (Kautsky, 1982),
which gives a potential for long distance dispersal. Despite this high
potential for dispersal strong genetic and morphological differen-
tiation between the Baltic Sea and North Sea populations have been
observed (Bulnheim and Gosling, 1988; V€ain€ol€a and Hvilsom, 1991;
Johannesson et al., 1990). The Baltic Sea blue mussels are smaller in
size, have a lower growth rate and thinner shells (Remane and
Schlieper, 1972; Kautsky et al., 1990) compared to the mussels
from the North Sea. These differences are partly explained by the
lower salinity, but may also partly be due to the occurrence of
lineages from two sister species of Mytilus within Baltic Sea blue
mussels. Along the SwedishWest Coast populations are dominated
by Mytilus edulis with limited hybridization with Mytilus trossulus
while the Baltic Sea is considered a hybrid complex with pop-
ulations dominated by the M. edulis trossulus individuals (with an
extensive mixing of the M. edulis and M. trossulus genomes)
(V€ain€ol€a and Strelkov, 2011). Although the hybridization pattern
and the gross genetic differentiation between the Baltic Sea and the
West Coast are well studied (Bierne et al., 2003; Riginos and
Cunningham, 2005; Kijewski et al., 2006, 2011; Stuckas et al.,
2009; V€ain€ol€a and Strelkov, 2011; Zbawicka et al., 2012), popula-
tion genetic structure and connectivity within the Baltic Sea are less
well studied. Early allozyme studies assessing the genetic structure
of the Blue mussels in the Baltic Sea have used few markers and
only one or a few sites, all in the Baltic Proper, (Bulnheim and
Gosling, 1988; V€ain€ol€a and Hvilsom, 1991; Johannesson et al.,
1990), giving a low resolution of the genetic structure in the
Baltic Sea. More recent studies based on neutral microsatellite data
(Gardestr€om et al., 2008), and neutral single nucleotide poly-
morphisms (SNP) (Wennerstr€om et al., 2013) suggests a genetic
differentiation between the different Baltic Sea regions; Baltic
Proper (BP), Bothnian Sea (BS) and Gulf of Finland (GF) (Gardestr€om
et al., 2008; Wennerstr€om et al., 2013).
The aim of this study was to further explore the causes of the
genetic structure and barriers to gene ﬂow in the blue mussel be-
tween the West Coast and the Baltic Sea and within the Baltic Sea
by using a combination of genome wide, high-resolution genetic
markers, biophysical connectivity modeling and species hybridi-
zation data. The ﬁrst objective was to analyze the genetic structure
using AFLP, a method that yields a large number of genetic markers
randomly distributed across the genome including both neutral
and non-neutral regions to achieve a higher resolution than pre-
vious studies. The second objective was to apply a comprehensive
method for connectivity measurements in marine environmentsPlease cite this article in press as: Larsson, J., et al., Regional genetic differe
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duration of the pelagic larval phase. The third objective was to
evaluate the relative effects of connectivity, geographical distance
and salinity on the genetic structure. The fourth objective was to
evaluate the inﬂuence of species identity (based on a diagnostic
molecular marker for the different species M. edulis, M. trossulus
and Mytilus galloprovincialis) on the genetic structure but also to
remove gross effects of species identity before analyzing other
structuring variables.
2. Material and methods
2.1. The blue mussel
The blue mussel has a life span of around 12 years and a gen-
eration time of 1e2 years. Spawning takes place during spring, but
depending on temperature and food abundance a second period of
spawning can occur during summer or autumn (Seed, 1969;
Kautsky, 1982). In the Baltic Sea the ﬁrst spawning takes place
during the second year of age (Kautsky, 1982).
2.2. Sampling sites
Blue mussels were sampled at 12 sites; along the Swedish West
Coast (WC), in the Baltic Proper (BP) and in the Bothnian Sea (BS)
during June, July and August 2012, 2013 (Fig. 1, Table 1). The West
Coast sites were; Tj€arn€o (TJA), Kristineberg (KRI). Kullen (KUL),
Bj€arred (BJA). Baltic Proper sites: Sweden, Karlskrona (KAR), Poland,
Gdansk, (GDA), Sweden, Ask€o (ASK), Finland, Tv€arminne (TVA).
Bothnian Sea sites: Sweden, Simpn€as (SIM), Grisslehamn (GRI), Sing€o
(SIN), H€oga Kusten (HKU). The sampled sites were all situated in the
outer part of the archipelago and therefore minimizing the be-
tween site differences in terms of exposure to water currents and
pollution. Temperature regimes and salinity differ between the
different regions (WC, BP, BS) but are similar among the sampled
sites in each of the regions (Lepp€aranta and Myrberg, 2009).
At each site 30e60 individuals (14e20 individuals used in the
subsequent AFLP analysis) were sampled using either a benthic
sledge, a triangular bottom scraper or by scuba/by hand from a
depth between 1 and 10 m, depending on distribution and popu-
lation densities.
2.3. Generation of genetic markers
2.3.1. DNA isolation
Each individual was measured and age was estimated by
counting growth rings (Haskin, 1954) all individuals included in
this study had an estimated age between 3 and 5 years. The
adductor muscle was dissected, snap frozen and immediately
stored in 80 C. To avoid batch/site biases all samples were
randomly ordered prior to DNA isolation. Total genomic DNA was
isolated from a small piece of the muscle tissue ~2  2 mm, of each
specimen using the E. Z.N.A. Mollusc DNA Kit (OMEGA Bio-Tek,
Norcross, GA, U.S.A.) with minor modiﬁcations of the manufac-
turers’ protocol. In short, tissue was incubated overnight at 56 C in
250 ml ML1 lysis buffer and 25 ml proteinase K. Followed by a
chloroform:isoamyl (24:1, 300 ml) step with 3 min centrifugation.
DNA suspended in an aqueous phase was then carefully separated
from the interphase (200e300 ml) and treated with 300 ml MBL
buffer and 10 ml RNAse, and incubated for 10 min in 70 C. The DNA
was precipitated from the solution with 99.7% ethanol and trans-
ferred to a DNAHiBind spin columns and centrifuged to remove any
trace of alcohol. Puriﬁed DNA was eluted with 50 ml (preheated to
70 C) 10 mM Tris-Hcl (pH 8.5) buffer. To estimate yield and quality
of obtained DNA an agarose gel 1.5% electrophoresis (100 V,ntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
Fig. 1. The twelve sampled sites along the Swedish West coast and within the Baltic Sea (Baltic Proper and Bothnian Sea); Tj€arn€o, Kristinberg, Kullen, Bj€arred, Karlskrona, Gdansk,
Tv€arminne, Ask€o, Simpn€as, Grisslehamn, Sing€o, H€oga kusten. Ocean current data from Lepp€aranta and Myrberg (2009).
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technologies) was conducted.
2.3.2. Ampliﬁed fragment length polymorphism (AFLP)
Markers were generated as described by Vos et al. (1995) with
minor modiﬁcations as described by Bensch et al. (2002). Genomic
DNA (20e40 ng/mL) was cut using restriction enzymes for 1 h at
37 C, in; 0.5 ml of 50U EcoR1 (50-GYAATTC-30, Thermo Scientiﬁc
Molecular Biology) and 0.5 ml of 50U Tru1 (50-TYTAA-30, Thermo
Scientiﬁc Molecular Biology), 2 mL TA-buffer (10x), 1 mg BSA and
ddH2O to a total run volume of 20 mL. The restriction followed by a
ligation for 3 h at 37 C, in; ligation buffer (10X), 100 mM E-adaptor
50-CTCGTAGACTGCGTACC-30, 30-CATCTGACGCATGGTTAA-5 (MWG
Biotech), 100 mM M-adaptor 50-GACGATGAGTCCTGAG-30, 30-
TACTCAGGACTCAT-5 (MWG Biotech) and 10 U/mL T4 ligase
(Thermo Scientiﬁc Molecular Biology).
The pre-ampliﬁcation, polymerase chain reaction (PCR) was
performed in 20 mL reactions containing; 10 ml DNA template (cut,
ligated and diluted), 100 mM E-primer 50GACTGCGTACCAATTCA-30
and 100 mM M-primer 50-GATGAGTCCTGAGTAAC-30, 25 mM MgCl2,
2 mL PCR-buffer (10x), 0.8 mL BSA, 1 mM dNTP’s, 5U Taq polymerase
and ddH2O. Pre-ampliﬁcation cycle; initial denaturation step ofPlease cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.0162 min at 94 C followed by 20 cycles of 94 C for 30s, 56 C for 30s
and 72 C for 60s, and a terminal step at 72 C for 10 min.
Selective ampliﬁcation was performed with two different
primer combinations: MCTG_EAGC and MCTT_EACT. Eleven primer
combinations were evaluated using a subset of individuals from all
the geographical regions, the two chosen combinations yielded
polymorphic bands and a congruent pattern in duplicated in-
dividuals. The PCR for selective ampliﬁcation was conducted in a
total volume of 10 mL containing; 2.5 mL of the diluted pre-PCR
template, 25 mM MgCl2, 1 mL PCR-buffer (10x), 1 mL BSA, 1 mM
dNTP’s, 100 mM E-primer 50-GACTGCGTACCAATTCNNN-30 ﬂuo-
rescein 5-end labeled with FAM, 100 mM M-primer 50-GAT-
GAGTCCTGAGTAANNN-30 and 5U Taq polymerase and ddH2O.
Selective “touch-down” ampliﬁcation cycle; initial denaturation
step of 2 min at 94 C followed by 12 cycles of 94 C for 30s, 56 C
with a touch-down temperature 0.7 C for 30s and 72 C for 60s,
next 23 cycles of 94 C for 30s, 56 C for 30s, 72 C for 60s and a
terminal step at 72 C for 10 min.
The DNA fragments (AFLP) were separated on an ABI-3730XL
capillary electrophoreses unit at Uppsala Genome Center with
separation medium POP7™ Polymer (Applied Biosystems), size
standard GeneScan™ 500 ROX™ (Applied Biosystems), injectionntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
Table 1
Sampled sites with abbreviations (Site), number of individuals per site (N), gene diversity (He) and standard error for each site, geographical coordinates for each site, per-
centage of individuals with species identity M. edulis (E). M. trossulus (T) and hybrids (H). Mean gene diversity (He) and standard error are given for each region.
Sampling location Site N He (±S.E) Salinity CordinatesWGS84 (lat, lon) Species identity E/H/T (%) Region mean (He)
Tj€arn€o TJA 26 0.123
0.007
25 58.881543, 11.12043 96/4/0 West Coast/WC
He ¼ 0.134
Kristineberg KRI 24 0.139
0.007
23.2 58.246138, 11.433238 95/5/0
Kullen KUL 24 0.147
0.008
17 56.300396, 12.44751 83/17/0
Bj€arred BJA 22 0.126
0.007
12.2 55.708177. 13.019346 68/23/9
Karlskrona KAR 22 0.127
0.008
7.2 56.107302, 15.571597 59/35/6 Baltic Proper/BP
He ¼ 0.130
Gdansk GDA 27 0.137
0.007
7.3 54.489984, 18.635559 52/37/11
Ask€o ASK 20 0.128
0.007
6.2 58.805163, 18.60157 30/45/25
Tv€arminne TVA 24 0.124
0.007
5.5 59.821351, 23.25707 30/48/22
Simpn€as SIM 24 0.108
0.007
5.4 59.883339, 19.077748 30/30/39 Bothniann Sea/BS
He ¼ 0.102
Grisslehamn GRI 27 0.102
0.006
5.4 60.074722, 18.830475 21/67/13
Sing€o SIN 20 0.081
0.006
5.3 60.164049, 18.816404 40/45/15
H€oga kusten HK 22 0.117
0.007
4 63.193399, 18.822327 41/45/14
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The Baltic Sea is considered a hybrid complex with populations
dominated by the M. edulis trossulus individuals (extensive mixing
of the M. edulis and M. trossulus genomes) (V€ain€ol€a and Strelkov,
2011). However to describe the hybridization pattern individuals
were genotyped at locus Glu-5’ (ME 15/16) (Inoue et al., 1995), a
marker that distinguishes between all three Mytilus taxa found in
the studied area (Kijewski et al., 2006), and each individual species
identity was coded as M. edulis, M. trossulus, M. galloprovincialis or
hybrids.
The Glu-50 PCR fragments were ampliﬁed in10 ml reactions
containing: 20e40 ng DNA, 25 mMMgCl2,1 mL PCR-buffer (10x),1 mL
BSA,10mMdNTP’s, 100mM of each primer, forward primer (ME15)
50-CCAGTATACAAACCTGTGAAGA-30 5-end labeled with FAM and
reverse (ME16) 50-TGTTGTCTTAATAGGTTTGTAAGA-3’ (MWG
Biotech) and 5UAmpliTaq (Applied Biosystems). The ampliﬁcation
cycle; an initial denaturation for 5 min at 94 C followed by 38
cycles of 94 C for 30s, 55 C for 30s and 72 C for 45s, followed by
elongation for 10 min at 72 C. DNA fragments were separated on
an ABI-3730XL capillary electrophoreses unit at Uppsala Genome
Center with separation medium POP7™ Polymer (Applied Bio-
systems), size standard GeneScan™ 500 ROX™ (Applied Bio-
systems), injection time 15s (1.6 kV), run time 1600s and array
length 50 cm.2.4. Statistical analyses
2.4.1. AFLP analyses
To generate genotype matrices AFLP-data from each primer
combination was scored separately in Genemapper 4.0 (Applied
Biosystems) generating one genotype matrix per primer combi-
nation. Analysis settings: primer MCTG_EAGC: 250e500 bp, bin
width 1,5 bp, peak detector 170rfu, normalization using sum of
signals within the project and no smoothing (where a project is all
individuals in one primer combination). Primer MCTT_EACT: 230-
500 bp, binwidth 1,5 bp, peak detector 170rfu, normalization usingPlease cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.016sum of signals within project and no smoothing. For error rate
analysis 16% (MCTG_EAGC) and 13% (MCTT_EACT) of the samples
were randomly chosen and duplicated from extraction and/or
ligation step and included in the Genemapper analyses. The du-
plicates were manually checked for congruency and the recorded
duplicated loci were used to calculate error rate i.e. the number of
inconsistent loci per primer combination divided by total number
of loci resulting in the percentage of error.2.4.2. Gene diversity and genetic differentiation
Estimates of gene diversity within sites (He) and genetic differ-
entiation between sites (FST) were obtained from software AFLP-
SURV 1.0 (Vekemans, 2002) using the approach of Lynch and
Milligan (1994) which assumes Hardy-Weinberg equilibrium
(HWE) and employs a Bayesian method with a non-uniform prior
distribution of allele frequencies (Zhivotovsky, 1999). Pairwise ge-
netic distances, FST, were calculated between each site and between
each of the regions (i.e. WC, BP, BS). The signiﬁcance values of the
FST values are based on 10,000 permutations of individuals over
populations and adjusted for multiple testing by a Bonferroni cor-
rected alpha ¼ 0.0008. To test for differences in He between the
sampled regions i.e. West Coast, Baltic Proper and Bothnian Sea
(NWC ¼ 4, NBP ¼ 4, NBS ¼ 4) an ANOVA followed by pairwise
comparisons using Tukey HSD, was performed in R 3.1.3 (R
Development Core Team, 2015) using the package multcomp
(Hothorn et al., 2008).2.4.3. Genetic structure
To test and visualize patterns in the genetic structure between
sites and within regions constrained principal coordinate analyses
(cPCoA) using the capscale procedure implemented in the vegan
package (Oksanen et al., 2015) in R 3.2.1 (R Development Core
Team, 2015) were used. The constrained principal coordinate
analysis allows other distance measures than Euclidian, here Jac-
card distances were used, which are more suitable for binary data.
The cPCoA is a supervisedmodel, where a variable, for example site,
is used as an explanatory variable, which allows testing the sig-
niﬁcance of the effect using a permutation based ANOVA (Oksanenntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
J. Larsson et al. / Estuarine, Coastal and Shelf Science xxx (2016) 1e12 5et al., 2015). To be able to explore overall genetic structure as well as
ﬁne scale structure the analyses were done using all sites, the Baltic
Sea (Baltic Proper and Bothnian Sea together) and for each
geographically deﬁned region; West Coast (TJA, KRI, KUL, BJA),
Baltic Proper (KAR, GDA, TVA, ASK), Bothnian Sea (SIM, GRI, SIN,
HKU) (Fig. 1).
To further evaluate population genetic structure in the studied
area two different Bayesian approaches were used, STRUCTURE
(Pritchard et al., 2000; Falush et al., 2007) and the Geneland
package (Guillot et al., 2005), the latter implemented in R 3.2.1 (R
Development Core Team, 2015). In STRUCTURE 2.3.4 (Pritchard
et al., 2000; Falush et al., 2007) the Bayesian clustering algorithm
implemented was used to estimate the most plausible number of
genetic clusters (K), by 14 independent runs for different K (K 1 to
14) each iterated 10 times, using an admixture model with corre-
lated allele frequencies and no a priori information on sample
origin. In total 200,000 Markov Chain Monte Carlo (MCMC) itera-
tions with a burnin of 50,000 iterations were performed. Structure
Harvester on theWeb, version 0.6.94 (Earl and vonHoldt, 2012) was
used to evaluate the most likely number of genetic clusters (K), by
implementing the method proposed by Evanno et al. (2005). The
Evanno method estimates the maximum value of DK, a measure for
the second-order rate of change in the likelihood of K hence the
number of clusters with the highest DK is the most probable. The
different runs (i.e. 10) of the selected K were averaged in CLUMPP
version 1.1.2 (Jakobsson and Rosenberg, 2007), using the greedy
algorithm and Distruct version 1.1 (Rosenberg, 2004) was used to
visualize each individuals assignment to a cluster in a bar plot. In
Geneland the individual’s were analyzed using the spatial statistical
model together with coordinates from each sampling site, in this
analysis each individual is assigned to one of several populations in
Hardy Weinberg Equilibrium (HWE). By using MCMC techniques
the most probable number of populations (K) is inferred by simu-
lations of the posterior distribution of parameters. The spatial
model assuming correlated allele frequencies was performed using
100,000 iterations with a thinning interval at 100, “pop min” was
set to 1, “pop init” to 12 (corresponding with the number of sam-
pling sites) and “pop max” to 13.
2.4.4. Biophysical modeling
The connectivity between the sampled sites due to dispersal of
planktonic larvae was estimated with a biophysical particle-
tracking model using ﬂow ﬁelds from a 3D ocean circulation
model. BaltiX is a regional Baltic/North Sea conﬁguration of the
NEMO ocean model (Madec, 2010) with a horizontal resolution of
about 2 nautical miles (3.7 km), and a vertical resolution of 56
layers ranging from 3m at the surface and 23m in the deepest parts
(Hordoir et al., 2013 for details). The particle-tracking model
(TRACMASS; De Vries and D€o€os, 2001) calculated dispersal trajec-
tories using interpolated velocity ﬁelds from the BaltiX model.
Velocity ﬁelds were updated for all grid boxes in the model domain
every 3 h, and the trajectory calculations were performed with a
15 min time step. The TRACMASS model has been used in several
previous dispersal studies, e.g. Moksnes et al., 2014, Roth€ausler
et al., 2015.
To mimic the dispersal of Mytilus 49 virtual larvae (evenly
spread within each grid cell) were released in all coastal grid cells
and cells with depth  15 m, for 8 years. The drifting depth was set
to a distribution of 25% surface drifters, 50% 10 m drifters and 25%
30 m drifters and the spawning season 75% June and 25% July,
following survey data (Helminen, 2002; Corell et al., 2012). In total
about 180million trajectories were calculated and the virtual larvae
drifted for 30 days. The pairwise connectivity between all seeding
grid cells (i) and all grid cells receiving one or more trajectories (j)
was sorted in i  j connectivity matrixes, and the connectivity wasPlease cite this article in press as: Larsson, J., et al., Regional genetic differe
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sample the North Atlantic Oscillation (NAO) climate cycle in the
region (Berglund et al., 2012). In order to assess the multi-
generation connectivity the connectivity matrix was multiplied
with itself and the successive spread of the virtual larvae from the
sampling sites were investigated. Settling was only allowed in
seeding grid cells (coastal/depth  15 m). Five grid cells at and
around each of the collection site position represented the sites.
The sites Grisslehamn and Sing€o were grouped since they were too
close to each other to be considered individual sites. Mortality of
settling larvae was not included in the model because information
about spatial and temporal patterns of mortality risk was lacking.
Hence the model will predict maximal dispersal and it is not used
to predict absolute number of dispersals but rather relative
connectivity.
2.4.5. Effects of connectivity, geographical distance and salinity on
genetic structure
To evaluate the effects of the variables connectivity (derived
from the model), geographical distance and salinity Mantel tests
and partial Mantel tests of correlationwere performed in the vegan
package (Oksanen et al., 2015) in R 3.2.1 (R Development Core
Team, 2015). A pairwise genetic distance matrix (Nei’s genetic
distance from AFLP-SURV) and pairwise matrices of directional
connectivity, geographical distance and salinity were used for the
Mantel tests. The connectivity data was derived from the bio-
physical model, an average of the between site directional con-
nectivity from the multi-generational connectivity matrix (Table 3)
was used to produce a non-directional connectivity matrix. The
geographical distances between each site were estimated using the
most direct marine route in Google Earth version 7.1.2.2014
(Google, 2014) (Table 2). The salinity matrix is based on salinity
measurements from the ﬁeld sampling. Three different datasets
were tested, one including all sites, one including only the West
Coast sites and one including the Baltic Sea sites (BS and BP). Also,
the association between gene diversity (He) and oceanographic
connectivity was tested using an ANOVA based on a linear model in
R 3.2.1 (R Development Core Team, 2015) where the connectivity
was calculated as the sum of generations to reach a site from all
other sites.
2.4.6. Species analysis
GeneMarker 2.5.2 (SoftGenetics LCC) software with size stan-
dard GS500 and analysis type Fragment (Animal), was used to
manually score presence or absence of the target allele length. Each
individual was scored as homozygote M. galloprovincialis: 124 bp,
M. trossulus: 165 bp and M. edulis: 177 bp or hybrids (heterozy-
gotes). In total, 270 individuals were scored as either homozygote
M. trossulus (T)M. edulis (E) or hybrids (heterozygote, H), 20% of the
samples were duplicates and all of the duplicates had the same
allele combination. Ten individuals were excluded from subsequent
species-based analyses due to bad or non-ampliﬁcation. Two in-
dividuals, from the KRI site, were identiﬁed as M. galloprovincialis
hybrids, but since our analyses are based on variation between and
within groups, a group of two is far too small to give reliable results
and those two individuals were excluded from subsequent
analyses.
To test the patterns of the genomewide genetic structure taking
species identity (indicated by the Glu-50 marker) into account a
constrained principal coordinate analysis (cPCoA) was conducted,
using the capscale procedure implemented in the vegan package
(Oksanen et al., 2015) in R 3.2.1 (R Development Core Team, 2015).
Species identity (T, E or H), based on the Glu-5’ marker was used as
a constraint and analyses including AFLP data from all three regions
as well as only the Baltic Proper and the Bothnian Sea werentiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
Table 2
Pairwise genetic differentiation FST between all sampled (below diagonal) and pairwise geographical distances (km) between all sites measured as the shortest possible way in
water (above diagonal). Signiﬁcance of pairwise FST values are based on 10,000 permutations, and signiﬁcant pairwise differences after Bonferroni correction are indicated in
grey (alpha ¼ 0.0008).
HKU SIN GRI SIM ASK TVA KAR GDA BJA KUL KRI TJA
HKU 0 410 420 440 640 660 1030 1330 1300 1390 1620 1700
SIN 0.0107 0 10 40 230 260 620 920 890 980 1210 1290
GRI 0.0000 0.0077 0 25 220 240 610 910 880 970 1200 1280
SIM 0.0000 0.0109 0.0000 0 200 220 580 880 850 940 1170 1250
ASK 0.0010 0.0212 0.0021 0.0071 0 350 390 500 660 750 800 1050
TVA 0.0106 0.0413 0.0107 0.0192 0.0000 0 680 690 940 1000 1240 1300
KAR 0.0091 0.0331 0.0066 0.0094 0.0000 0.0000 0 300 270 360 600 660
GDA 0.0084 0.0352 0.0106 0.0109 0.0008 0.0000 0.0000 0 490 580 800 880
BJA 0.0194 0.0253 0.0197 0.0250 0.0217 0.0367 0.0262 0.0256 0 70 300 380
KUL 0.0552 0.0618 0.0549 0.0623 0.0429 0.0532 0.0478 0.0435 0.0139 0 230 300
KRI 0.0556 0.0543 0.0526 0.0554 0.0412 0.0574 0.0436 0.0473 0.0111 0.0127 0 80
TJA 0.0679 0.0710 0.0643 0.0682 0.0532 0.0623 0.0569 0.0513 0.0163 0.0097 0.0039 0
Table 3
Multi-generation connectivity matrix. The connectivity between sampled sites was measured as dispersal for each generation. The sites Grisslehamn and Sing€o (GRISIN) were
grouped since they were too close to each other to be considered individual points in the matrix.
From
TJA KRI KUL BJA KAR GDA TVA ASK SIM GRISIN HKU
TO TJA e 1 2 2 3 13 8 6 6 7 8
KRI 1 e 1 1 3 13 8 6 6 7 8
KUL 2 2 e 1 3 12 8 5 6 6 8
BJA 2 2 1 e 2 12 8 4 4 5 7
KAR 15 15 14 13 e 10 5 2 2 3 5
GDA 6 6 5 4 2 e 7 4 4 5 7
TVA 10 10 9 8 6 5 e 5 3 3 5
ASK 13 13 12 11 9 8 4 e 1 2 3
SIM 13 12 11 10 8 8 3 8 e 1 3
GRISIN 13 13 12 11 9 8 4 8 1 e 2
HKU 14 14 13 12 10 9 5 9 5 5 e
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found between the West Coast region and Baltic Sea region (BP and
BS) is due to species distribution; region (WC and Baltic Sea (BP and
BS)) was set as a constraint and species identity as a condition. The
conditioned variable is a constraining variable which effect is
removed from the ordination prior to further analysis (Legendre
and Anderson, 1999; Kolseth and L€onn, 2005) equivalent to using
the residuals from an analysis with species as constraint.
To test if the genetic structure identiﬁed in STRUCTURE is
associated with the species identity the proportion of M. trossulus
alleles, based on the Glu-5marker, for each individual (1 for het-
erozygote and 2 for homozygote and 0 if absent) was used as
response variable in a generalized linear model assuming a bino-
mial error distribution and the cluster assignment was used as the
explanatory variable using the glm procedure in R. 3.1.3 (R
Development Core Team, 2015) and the multcomp package
(Hothorn et al., 2008) to tests difference between the three clusters.
Only the proportion of the marker for M. trossulus, was used here
since the marker frequency for M. edulis mirrors the frequency for
M. trossulus.
3. Results
3.1. Gene diversity and genetic differentiation
A total of 282 individuals were used in the analyses and the two
primer combinations yielded 271 polymorphic loci (MCTG_EAGC:
158 loci, MCTT_EACT: 113 loci). The duplicated samples were
randomly chosen (13% duplicates for MCTG_EAGC and 16% for
MCTT_EACT) and yielded an error rate of approximately 5%.Please cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.016Gene diversity (He) for each site andmean He for each region are
presented in Table 1. The Bothnian Sea region has signiﬁcantly
lower gene diversity than both the West Coast (WCvsBS; df ¼ 9,
t ¼ 4.009, p ¼ 0.008) and the Baltic Proper (BSvs BP; df ¼ 9,
t ¼ 3.430, p ¼ 0.019), while no difference is found between the
West Coast and Baltic Proper (WCvsBP; df¼ 9, t¼ 0.579, p¼ 0.834).
There is a signiﬁcant overall partitioning of genetic diversity
(FST ¼ 0.029, p < 0.01). All the West Coast sites are signiﬁcantly
genetic differentiated from all other sites (after Bonferroni correc-
tion) except between KRI and TJA and KUL and TJA. Notably, BJA is
signiﬁcantly differentiated from all other sites. No signiﬁcant
pairwise differentiation is found among the Baltic Proper sites, or
among the Bothnian Sea sites (Table 2). All three region-wise
comparisons are signiﬁcant and show genetic differentiation be-
tween WC/BP (FST ¼ 0.053, p < 0.001), WC/BS (FST ¼ 0.056,
p < 0.001) and BP/BS (FST ¼ 0.016, p < 0.001).
3.2. Genetic structure
The constrained ordination, cPCoA, including all sites and using
site as a constraint shows a signiﬁcant structuring of the genetic
variation (permutation based ANOVA, df ¼ 11, F ¼ 2.59, p ¼ 0.001)
and the ordination plot shows three major groups/clusters corre-
sponding well with the geographical regions (Fig. 2A). The regional
analyses shows signiﬁcant difference between the sites both within
the Baltic Sea (Baltic Proper and Bothnian Sea) (Fig. 2B, df ¼ 7,
F ¼ 1.48, p ¼ 0.001) and within the West Coast (Fig. S1 in Supple-
mentary Material, df ¼ 3, F ¼ 1.85, p ¼ 0.001). Also, within the
Bothnian Sea a signiﬁcant difference among sites is found (Fig. S2A,
df ¼ 3, F ¼ 1.26, p ¼ 0.006) but not among sites within the Balticntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
Fig. 2. Results from a constrained principal coordinate analysis (cPCoA) based on 271 ampliﬁed fragment length polymorphism (AFLP) loci, using site as constraint. Site names in
the plot indicate the centriole of groups of individuals from each site. A) The cPCoA based on individuals from all 12 sites (WC, BP and BS) using site as a constraint shows signiﬁcant
structuring of the genetic variation (permutation based ANOVA, df ¼ 11, F ¼ 2.59, p ¼ 0.001). B) The cPCoA based on individuals from 8 sites from within the Baltic Sea (BP and BS)
using site as a constraint shows signiﬁcant structuring of the genetic variation (permutation based ANOVA, df ¼ 7, F ¼ 1.48, p ¼ 0.001).
J. Larsson et al. / Estuarine, Coastal and Shelf Science xxx (2016) 1e12 7Proper (Fig. S2B, df ¼ 3, F ¼ 1.01, p ¼ 0.425).
The Bayesian clustering implemented in STRUCTURE identiﬁed
two genetic clusters (K ¼ 2) as the most probable after calculating
DK as described by Evanno et al. (2005) (Fig. S3). Individual as-
signments are shown as bars in (Fig. 3A, B). The genetic structure
follows the geographical structure with one cluster at the West
Coast and one in the Baltic Sea and the Bj€arred (BJA) site as an in-
termediate (Fig. 3A). However, STRUCTURE identiﬁes the upper-
most level of population structure (Evanno et al., 2005), in this case
K¼ 2, but when calculating DK as described by Evanno et al. (2005)
the analysis also give a high DK for K ¼ 3 (Fig. S3) indicating sub-
levels of structuring. The genetic structure identiﬁed using K ¼ 3
(Fig. 3B) conﬁrm the pattern identiﬁed by the cPCoA, where the
three regions (WC, BP and BS) are separated. This pattern is further
conﬁrmed in the Geneland results, where three clusters follow the
same regional pattern (Fig. S4).3.3. Biophysical modeling
The analysis of multigenerational dispersal show that the
dispersing larvae on theWest Coast disperse in both northward andFig. 3. A) Results from the Bayesian clustering for the 12 sites genotyped at 271 loci. After ca
showed the largest DK. B) Bayesian clustering for the 12 sites genotyped at 271 loci. After cal
showed the second largest DK. The bar plot show the inferred ancestry of individuals after av
an individual, clusters are indicated by color and the y-axis of each plot shows the probabi
Please cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.016southward direction since the dominating ﬂow directions in Kat-
tegat are in different directions above (northward with Baltic
outﬂow) and below (southward) the thermocline, and the larvae
are present in both layers. The analysis also shows an anticyclonic
pattern in the Baltic Proper and Bothnian Sea, with limited cross-
shelf events. Larvae coming from the sites on the West Coast and
€Oresund enter the Baltic Sea along the northern coast of Germany
and Poland and disperses then all the way up to the Åland archi-
pelago before crossing over to the Swedish East Coast. A noticeable
feature is that the population in Karlskrona has to round all of the
Baltic Proper to get to the Ask€o site just a short geographical dis-
tance north (Fig. 4). For detailed multigenerational dispersal data
for each site please see supplementary (Fig. S5eS15).3.4. Contribution of connectivity, geographical distance and salinity
on genetic structure
Mantel tests show strong correlations between genetic distance
and the explanatory variables i.e. oceanographic connectivity,
geographical distance and salinity; (geographical distance and
oceanographic connectivity: r ¼ 0.82, p ¼ 9.99 *105, geographicallculating DK as described by Evanno et al. (2005) K ¼ 2 (division into 2 genetic clusters)
culating DK as described by Evanno et al. (2005) K ¼ 3 (division into 3 genetic clusters)
eraging 10 STRUCTURE runs with CLUMPP. Within each plot the vertical bars represents
lity for the individual to belong to each cluster.
ntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
Fig. 4. The successive dispersal ofMytlius between generation 1 and 12 from six of the sampling sites. The colors show the areas reached in 1, 4, 8 and 12 generations (compare with
Fig. S5eS15 where the full extent of the dispersal for each site is shown).
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salinity: r¼ 0.44, p¼ 0.012). To evaluate the relative contribution of
the variables partial Mantel tests were performed. The partial
Mantel test show that oceanographic connectivity better explains
the genetic distance than geographical distance using the data set
with all sites; genetic distance and oceanographic connectivity
(correcting for geographical distance) (r ¼ 0.63, p ¼ 0.0003), ge-
netic distance and geographical distance (correcting for oceano-
graphic connectivity, r ¼ 0.022, p ¼ 0.422). The same pattern
remains also when correcting for salinity; correlation between
genetic distance and oceanographic connectivity (r ¼ 0.51,
p ¼ 0.0003) and genetic distance and geographical distance
(r¼ 0.2, p¼ 0.09). There is a signiﬁcant correlation between genetic
distance and salinity corrected both for oceanographic connectivity
(r ¼ 0.76, p ¼ 0.0001) and geographical distance (r ¼ 0.75,
p ¼ 0.0002). There are no signiﬁcant correlations within the Baltic
Sea. At theWest Coast salinity is signiﬁcant onlywhen corrected for
geographical distance (r ¼ 0.84, p ¼ 0.04), though this dataset is
limited to four sites reducing the power of the Mantel test. The
Mantel test also shows a strong co-variation between geographical
distance and oceanographic connectivity (r ¼ 082, p ¼ 9.99 *105).
There is a signiﬁcant association between gene diversity (He) and
oceanographic connectivity (df ¼ 1, F ¼ 5.614, p ¼ 0.042), hence a
lower number of generations to reach a site (i.e. good connectivity)
results in higher gene diversity.
3.5. Species marker analyses
A geographical pattern in the distribution of Mytilus species
based on the Glu-50 marker is found, as shown by the cPCoA
including all sites and using species identity as a constraint
(Fig. 5A). The permutation based ANOVA shows a signiﬁcant ge-
netic differentiation between the M. trossulus (T) M. edulis (E) and
hybrids (heterozygote, H) (df ¼ 2, F ¼ 2.454, p ¼ 0.001). Fig. 5A
show a distinct geographical grouping of M. edulis (E) on the West
Coast and M. trossulus (T)/hybrids (H) within the Baltic Sea. WhenFig. 5. Results from a constrained principal coordinate analysis based on 271 ampliﬁed fr
M. edulis (E) and hybrids (heterozygote, H) based on the Glu-50 marker, as constraint. Specie
different species/hybrids. The site origin of each individual is indicated by the symbols shown
based ANOVA based on individuals from all 12 sites (WC, BP and BS), using species as a c
p ¼ 0.001). A distinct geographical grouping of M. edulis (E) on the West Coast and M. tro
principal coordinate analysis and permutation based ANOVA, based on individuals from 8
genetic variation (df ¼ 2, F ¼ 0.857, p ¼ 0.932). No geographical grouping could be identiﬁ
Please cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.016analyzing the BP and BS sites separately, using the same approach,
no signiﬁcant difference or visible geographical grouping is found
(Fig. 5B, df ¼ 2, F ¼ 0.857, p ¼ 0.932). The conditioned cPCoA, using
sampling region (WC, Baltic Sea (BP and BS)) as a constraint and
species identity as a condition, removed the variation explained by
species identity. Hence the signiﬁcant result (df ¼ 1, F ¼ 11.936,
p ¼ 0.001) shows that the observed genetic differentiation can
partly be explained by other factors (e.g. geographic connectivity
and salinity) than species identity.
The identiﬁed genetic clusters from the STRUCTURE analysis are
associated with species differences; M. edulis is signiﬁcantly more
common in the white cluster (Fig. 3B) compared to the grey
(z ¼ 4.04, p < 0.001) and black clusters (z ¼ 4.37, p < 0.001)
(Fig. 3B). No signiﬁcant species association between the clusters
(grey and black) is found (z ¼ 0.29, p ¼ 0.955). M. trossulus is
common in both the grey and black clusters (Fig. 3B).
4. Discussion
This study can, by using a combination of high-resolution ge-
netic markers, species hybridization data and biophysical
modeling, present a comprehensive picture of the evolutionary
landscape for one of the keystone species in the Baltic Sea, the blue
mussel.
4.1. Barriers to gene ﬂow
Two distinct barriers to gene ﬂow were identiﬁed by the
Bayesian clustering methods STRUCTURE and Geneland separating
the regions West Coast, Baltic Proper and Bothnian Sea. The
STRUCTURE analysis identiﬁed K ¼ 2 as the most probable number
of clusters, indicating a barrier to gene ﬂow between West Coast
and the Baltic Sea (i.e. Baltic Proper and Bothnian Sea). This is the
uppermost level of the genetic structure and identiﬁes the stron-
gest barrier to gene ﬂow within the system. However the high DK
for K¼ 3 indicate sub-structuring (Evanno et al., 2005) (Fig. S3) intoagment length polymorphism (AFLP) loci and using species identity M. trossulus (T)
s abbreviation (T, E, H) in the plot indicates the centriole of groups of individuals of the
in legend. A) Results from a constrained principal coordinate analysis and permutation
onstraint shows a signiﬁcant structuring of the genetic variation (df ¼ 2, F ¼ 2.454,
ssulus (T)/hybrids (H) within the Baltic Sea are shown. B) Results from a constrained
sites (BP and BS) using species as a constraint show no signiﬁcant structuring of the
ed.
ntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
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to gene ﬂow between the Baltic Proper and Bothnian Sea. The
presence of three clusters (K ¼ 3) and the two barriers to gene ﬂow
was conﬁrmed by the Geneland analysis, with two distinct barriers
separating the regions (Fig. S4). The regional patternwas conﬁrmed
both by the signiﬁcant region-wise FST differentiation between all
three regions and by the ordination (cPCoA) (Fig. 2A). The cPCoA
uses site as a constraint and despite this the separation between
regions is stronger than separation between the sites, conﬁrms that
the division into three regions is the most important feature of the
blue mussel genetic structure.
The barriers to gene ﬂow also affect gene diversity (He). The
Bothnian Sea region has signiﬁcantly lower gene diversity than
both the West Coast and the Baltic Proper while no difference was
found between the West Coast and Baltic Proper. Decreased con-
nectivity is assumed to decrease gene diversity and a tentative
explanation of the lower gene diversity the Bothnian Sea is that the
lower connectivity result in more local recruitment in small pop-
ulations and that diversity is reduced by drift and local adaptation
(Johannesson et al., 2011).
4.2. Barriers to gene ﬂow between the West Coast and the Baltic Sea
The dispersal model based on oceanographic trajectories for
mussel dispersal coincides with the already identiﬁed barrier to
gene ﬂow between the West Coast and the Baltic Sea (Johannesson
and Andre, 2006). The model shows that dispersal from the most
northern West Coast site (TJA) follows the Swedish West Coast,
reaching the southernmost West Coast site (BJA) in two genera-
tions. From BJA the dominating dispersal direction is north, back
along the West Coast of Sweden and southeast, following the East
Coast of Denmark down to Germany and Poland (Fig. 4 and
Fig. S5eS10). Consequently, there is a limited gene ﬂow from the
West Coast of Sweden towards KAR and further north and the
identiﬁed barrier to gene ﬂow lies between BJA and KAR. Bj€arred
(BJA) takes a special position in the genetic structure as shown by
signiﬁcant pairwise FST differentiation to all other sites (Table 2),
BJA has a mixture of West Coast and Baltic genotypes as detected in
both the STRUCTURE (Fig. 3A, B) and cPCoA analyses (Fig. 2A). KAR
on the other side of the barrier consists mainly of Baltic genotypes
(Fig. 3A, B) and is the main source of these genotypes to BJA (Fig. 4).
The Mantel test shows that oceanographic connectivity signiﬁ-
cantly explains the observed genetic distances and the partial
Mantel test show that connectivity better explains variation in
genetic distances than geographical distances do. However, the
model shows that all sites can potentially be reached within 12
generations (Fig. 4 and Fig. S5eS15), but the speed of the dispersal
is different between the sites and is used as a connectivity mea-
surement which is signiﬁcantly associated with the genetic differ-
entiation. Also, since no lower “cut-off” limit of probability was set
the model recognizes any probability larger than zero. Hence, the
actual probability of reaching all sites within 12 generations might
in practice be very small. The model does not account for mortality,
suitable habitat and/or post settling mortality/selection, local
adaptation and founder effects hence it is plausible that such fac-
tors limit the realized dispersal rates which probably are reﬂected
in the genetic structure. The barrier to gene ﬂow between the West
Coast and the Baltic Sea has been identiﬁed in earlier studies and
salinity-induced selection is often suggested to cause genotypic and
phenotypic differences between the mussels from the West Coast
and the Baltic Sea (Johannesson et al., 1990; V€ain€ol€a and Hvilsom,
1991; Johannesson and Andre, 2006; Wennerstr€om et al., 2013).
In this study the partial Mantel test show that salinity has a sig-
niﬁcant effect on the genetic structure after oceanographic con-
nectivity and geographical distance are corrected for, indicatingPlease cite this article in press as: Larsson, J., et al., Regional genetic differe
and Shelf Science (2016), http://dx.doi.org/10.1016/j.ecss.2016.06.016that salinity differences also act to lower the gene ﬂow. A species
associated gene ﬂow barrier, linked to salinity, may affect the dis-
tribution pattern of the two sister-speciesM. edulis andM. trossulus.
WithM. edulis dominating the West Coast and hybrids dominating
the Baltic Sea (Johannesson et al., 1990; V€ain€ol€a and Hvilsom, 1991;
Johannesson and Andre, 2006; Kijewski et al., 2011; V€ain€ol€a and
Strelkov, 2011; Wennerstr€om et al., 2013). Also in the present
study the species marker for M. edulis, is signiﬁcantly more com-
mon on the West Coast (Fig. 5A). However, when the variation due
to species identity was removed in the ordination-based analysis, a
geographical component involved in the genetic differentiation
between the West Coast and the Baltic Sea could still be identiﬁed,
indicating that other factors than species origin also act as barriers
to gene ﬂow.
4.3. Barriers to gene ﬂow within the Baltic Sea between the Baltic
Proper and the Bothnian Sea
Genetic differentiation between the Baltic Proper and Bothnian
Sea, have been indicated in earlier studies by a few pairwise FST
differences (Gardestr€om et al., 2008) and a barrier around Ask€o
(Wennerstr€om et al., 2013). Using an extensive sampling scheme
together with high-resolution markers a distinct barrier to gene
ﬂow between the Baltic Proper and the Bothnian Sea was found,
conﬁrmed by the two Bayesian clustering analyses (STRUCTURE
Fig. 3B and Geneland Fig. S4) and the constrained ordination
(cPCoA) (Fig. 2B). The barrier north of Ask€o identiﬁed by
Wennerstr€om et al. (2013) coincide with the barrier identiﬁed in
this study. The southern and eastern barriers (in Wennerstr€om
et al., 2013), between Ask€o and the sites along the coast of Ger-
many and in the Gulf of Finland are not conﬁrmed in this study,
however the sampling scheme between the studies differ. The
sites in Wennerstr€om et al. (2013) were located closer to the
borders of the Baltic Proper (further east and further southwest)
than in the present study. Hence it is possible that further in the
Gulf of Finland and further west along the coast of Germany
barriers to gene ﬂow exists but could not be identiﬁed by the
present study. The dispersal model demonstrates the overall
connectivity and anticyclonic pattern in the Baltic Proper and
Bothnian Sea (Fig. 4), but despite the genetic differentiation be-
tween the Baltic Proper and the Bothnian Sea no correlations
between the genetic differentiation and oceanographic connec-
tivity or geographical distance were found. As the realized
dispersal rates are not fully covered by the biophysical model it is
plausible that mortality, suitable habitat and/or post settling
mortality/selection, local adaptation and founder effects are can-
didates for causing the observed genetic differentiation between
the regions. Earlier studies of blue mussel populations from the
Baltic Proper and Bothnian Sea showed differences in metabolic
rates, stress responses and oxidative stress when exposed to
chemicals (Prevodnik et al., 2007; Lilja et al., 2008). These physi-
ological differences were suggested to either be caused by
phenotypic plasticity or linked to selected differences in genes
involved in physiological adaptations to the lower salinity in the
Bothnian Sea. These physiological differences were not accompa-
nied by genetic differences in neutral loci (microsatellites)
(Gardestr€om et al., 2008) but the present study, using a genome
wide high-resolution AFLP marker, identiﬁes a clear genetic dif-
ferentiation between the regions. However, the Mantel tests be-
tween genetic differentiation and salinity show no signiﬁcant
correlation, not even when geographical distance and oceano-
graphic connectivity are corrected for, suggesting that factors
other than salinity may be involved.
In the Baltic Sea a higher frequency of individuals were iden-
tiﬁed asM. trossulus or hybrids, similar to what has been identiﬁedntiation in the blue mussel from the Baltic Sea area, Estuarine, Coastal
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contrast to the genetic differentiation identiﬁed between the West
Coast and the Baltic Sea the genetic differentiation between the
Baltic Proper and the Bothnian Sea could not be associated with
species differences. The cPCoA based ANOVA showed no signiﬁ-
cant difference using species identity as a constraint and no
geographical pattern could be recognized (Fig. 5B). Further, the
linear model, using species identity as response variable, could not
explain the difference between the two Baltic Sea genetic clusters
identiﬁed by STRUCTURE (Fig. 3B). However, as the blue mussels in
the Baltic Sea show a strong hybridization and introgression
pattern (V€ain€ol€a and Strelkov, 2011) it is possible that the hy-
bridization status of each individual was not fully covered by the
Glu’-5 species marker and that other markers based on other parts
of the genome may give a discrepant pattern (see Kijewski et al.,
2006, 2011). To study introgression patterns in detail, a more
comprehensive full genome scan including pure M. edulis and
M. trossulus as reference individuals could be used but this was
beyond the scope of this study.
The explanatory variables used in this study (geographical dis-
tance, oceanographic connectivity, salinity, species identity) cannot
be shown to be associated with the barrier between the Baltic
Proper and the Bothnian Sea. Alternative explanations can be pre-
or post-zygotic genetic incompatibilities as suggested by Bierne
et al. (2011) or unmeasured selective factors such as composition
of phytoplankton, which is an important food source. Phyto-
plankton composition differs between the Baltic basins and the
differences have been accentuated due to anthropogenic changes,
this shift is accompanied by effects on species composition at
higher level of the food web (Lehtinen et al., 2015).
4.4. Conclusions
This study reveals two distinct barriers to gene ﬂow separating
the West Coast, Baltic Proper and Bothnian Sea regions. The
observed genetic differentiation between the West Coast and the
Baltic Sea (BP and BS) can partly be explained by low connectivity
but also by the salinity gradient and to some extent by species
distribution. A clear genetic differentiation between the Baltic
Proper and Bothnian Sea was identiﬁed as well as lower gene di-
versity in the Bothnian Sea. The differentiation between the two
Baltic Sea regions cannot be directly explained by oceanographic
connectivity, species identity or salinity, while a lower connectivity
to the Bothnian Sea may explain the lower gene diversity. Though,
the clear observed genetic differentiation indicate that other
environmental variables for example quality of food, may
contribute to shaping the evolutionary landscape of the blue
mussel in this region. Future studies including more extensive
genomic data in combination with experimental studies may give
further understanding to the genetic differentiation between the
Baltic Proper and Bothnian Sea.
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